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In this paper, an integrated numerical approach is proposed for analyzing the seismic response of the reservoir-earth dam-pore fluid 
system subjected to earthquake loading. The fluid-mechanical coupling approach is deployed to capture the fluid-solid matrix 
coupling effects automatically. A hysteretic damping constitutive law is adopted to follow the modulus reduction and damping ratio 
curves. The Finn-Byrne equation is used to represent the shear-induced volumetric strain behavior of liquefiable materials. The 
interaction between the reservoir water and the dam boundary is treated as a dynamically updated pressure boundary condition. The 
deconvolution is accomplished by the equivalent linear program SHAKE. An automatic remeshing algorithm is employed to replace 
the badly distorted mesh with a new regular mesh whenever needed during the system evolution process. The system integrating these 
elements is constructed in the explicit finite-difference program FLAC, and applied to analyze the responses of a reservoir dam under 
seismic loading in both horizontal and vertical directions; the potential liquefied regions, earthquake-induced settlement and lateral 





In a reservoir-earth dam-pore fluid system subjected to 
seismic loads (see Fig. 1), the reservoir water dynamically 
imposes pressure to the dam boundary at the fluid-dam 
interface. The pore fluid interacts with the solid matrix in a 
coupled manner in which the volumetric strain change induces 
pore pressure build-up, while, in turn, the rise of pore pressure 
decreases effective stresses. Under cyclic loading conditions, 
the shear modulus of geologic materials will decrease, while 
the damping ratio increases with the magnitude of cyclic shear 
strain. This behavior usually is characterized by modulus 
reduction and damping ratio curves. Inside the liquefiable 
materials, cyclic shearing loading will induce volumetric 
strain variation and, consequently, cause the pore pressure 
change, potentially leading to liquefaction.  
 
In numerical simulations, the seismic motions, which often are 
recorded at the bedrock outcrop during earthquake events, 
usually are required to be deconvoluted to a different depth  
 
Fig. 1. Reservoir/earth dam system subjected to seismic loads 
before they are applied to the system. Because significant 
settlement and spreading often result from an earthquake, the 
numerical simulations generally need to be conducted in large-
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strain mode, but some elements may become extremely 
distorted such that the continuum program has to stop at a 
premature stage; the computational grid may be remeshed to 
continue the simulations.  
 
In this study, the mechanisms and factors mentioned above are 
addressed in an integrated numerical system. In Section 2, we 
present methods and techniques to resolve each issue 
individually: the fluid-mechanical coupling formulation is 
used to capture the fluid-solid matrix coupling effects 
automatically [Detournay and Cheng 1993]; the Finn-Byrne 
equation is adopted to represent the shear-induced volumetric 
strain behavior of liquefiable materials; a hysteretic damping 
law is deployed to follow the modulus reduction and damping 
ratio curves [Cundall 2006; Han and Hart 2006];  the 
interaction between the reservoir water and the dam boundary 
is treated as a dynamically updated pressure boundary 
condition; the equivalent linear program SHAKE [Schnabel et 
al. 1972] is employed to deconvolute outcrop seismic waves; 
and an automatic remeshing scheme is developed to cure the 
element distortion problem by replacing the badly distorted 
mesh with a new regular mesh whenever needed during the 
system evolution process [Han et al. 2008]. In Section 3, these 
elements are integrated into a numerical modeling procedure 
using FLAC, a nonlinear, explicit finite-difference program 
[Itasca 2008]. In Section 4, the integrated procedure is applied 
to analyze the responses of a reservoir dam under seismic 
loading in both horizontal and vertical directions; the 
predicted liquefied regions, vertical settlement and lateral 
spreading also are presented. In Section 5, general comments 







The interaction between the solid matrix and fluid contained in 
the pore space can be described by the poro-mechanical theory 
originated by Biot [1941], and presented by Detournay and 
Cheng [1993]. Within the framework of poro-mechanical 
theory, the mechanical deformation and pore pressure build-up 
are coupled in two ways. The mechanical volumetric 
contraction will induce pore pressure to increase: 
 
 ( )kkp M ζ αε= −  (1) 
 
On the other hand, pore pressure change will cause effective 
stress in the matrix to vary (e.g., in elastic material with body 
force neglected): 
 




1 2ij ij kk ij
GvG
v
σ ε ε δ′ = +
−
 (3) 
where ijσ  is the total stress tensor (positive in tension); ijσ
′
 
is the effective stress tensor; ijε is the strain tensor; p is pore 
pressure; M is the Biot modulus; ζ is the variation of fluid 
content; α is the Biot coefficient of effective stress, 
characterizing the bulk stiffness contrast between porous-
media mass and solid grains; G  is shear modulus; v  is 












Equation (1) indicates that pore pressure build-up is 
proportional to the variation of volumetric strain under 
undrained conditions. The constitutive relations of solid 
matrix listed in Eq. (3) show that the pore pressure change will 




Cyclic Shear-Volume Coupling 
 
A number of events such as earthquakes and blasting may 
generate cyclic shear waves to load geologic structures. The 
cyclic shear loading can induce non-trivial compressive 
volumetric strain in unsaturated sandy material. Consequently, 
pore pressure builds, which potentially may lead to 
liquefaction if sands are saturated.  
 
Based on the cyclic testing observation that the volumetric 
strain increment for a given cycle essentially is determined by 
the accumulated volumetric strain and the magnitude of the 
shear strain, Martin et al. [1975] proposed a four-parameter, 
cyclic shear-volume coupling equation through fitting the 





















 is the increment of volume decrease; γ is the 
cyclic shear-strain amplitude; vdε is the accumulated 
volumetric strain; and 1C , 2C , 3C and 4C are constants to be 
evaluated from two or three constant-strain amplitude cyclic 
tests.  
 
Byrne [1991] indicated that Eq. (5) generally is not stable and 
proposed an alternative two-parameter cyclic shear-volume 
coupling equation by viewing the same set of data from a 
different perspective: 
 
 1 2expvd vdC C
ε ε
γ γ
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where the constants 1C and 2C  can be derived from the blow-
count ( )1 60N obtained from a standard penetration test: 
 
 ( ) 1.251 1 608.7C N











When the seismic wave travels through geologic materials 
such as soil and rock, the energy mainly dissipates in a 
hysteretic mode. A comprehensive constitutive model should 
be capable of reproducing this hysteretic behavior for all 
cyclic strain paths. In practice, such a constitutive model 
(which is rarely available) may be very difficult to use due to 
the many parameters that need to be calibrated. Alternatively, 
a simple elasto-plastic model such as Mohr-Coulomb may be 
combined with an add-on hysteretic damping mechanism to 
approximate the desired energy dissipation performance.  
 
Laboratory tests have indicated that, under cyclic loading 
conditions, the shear modulus of geologic materials will 
decrease, while the damping ratio will increase if the 
magnitude of cyclic shear strain increases. This behavior 
usually is characterized by modulus reduction and damping 
ratio curves.  
 
A series of hysteric damping models have been implemented 
in FLAC to capture the effects of variation of modulus and 
damping ratio with dynamic shear-strain magnitude [Itasca 











where 10logL γ= ; γ is the shear strain; SM  is the strain-
dependent, secant shear modulus; and a , b , 0x  are parameters 
to be determined by fitting from the discrete data set measured 
in the laboratory tests via best-fitting or a simple trial-and-
error method using a one-zone model iteratively, as shown in 
Figs. 2 and 3.  
 
Figure 4 demonstrates a typical shearing response of an elastic 
element with the hysteretic damping model active under cyclic 
loading/unloading cycles. It should be noted that hysteretic 
 
Fig. 2. Normalized secant-modulus curves: comparison 
between cyclic loading response of a single FLAC zone to 
results from laboratory test [Idriss and Sun 1992] 
 
 




Fig. 4. Hysteretic response of an element under 
loading/unloading cycles [Cundall 2006] 
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damping is turned off in the elements where plastic yielding is 
taking place, as the plastic flow will absorb sufficient energy. 
Also, note that a small amount of Rayleigh damping may be 
superposed onto hysteretic damping for removing high-





When a continuum simulation is running in large-strain mode, 
the geometry of some zones can become extremely distorted, 
such that the simulation may need to halt. In order to allow the 
simulation to continue, a new, regular mesh is needed to 
replace the old, distorted mesh, and the grid-dependent data 
are transferred from the old mesh to the new mesh.  Automatic 
rezoning is available in FLAC to perform this operation to 
avoid a “bad-geometry” interruption during cycling.   
 
Grid-dependent quantities are either element-based, such as 
stresses and material properties, or gridpoint-based, such as 
displacement, velocity and acceleration. Element-based 
quantities are defined for a finite volume; gridpoint-based 
quantities describe the transient state at a spatial point. In the 
remeshing algorithm, the fraction of overlapped volume is 
taken as a weighting factor when mapping continuous 
element-based quantities. For example, in the illustrative case 
shown in Fig. 5, dashed lines represent the new mesh, and 
solid lines define the old mesh. For the zone confined by 
dashed lines, its quantities (e.g., stress components) will be 








z A z A
= =
=∑ ∑  (10) 
 
where Nz  = value of continuous zone quantity z in the new 
grid; 01z  = value of continuous zone quantity z  at zone i in 
the old grid; and iA  = overlapped area (volume of unit 
thickness) of zone i in the old grid and the dash-confined zone 
in the new grid. 
 
For gridpoint quantities (e.g., displacements and velocities), 
values in the new mesh are interpolated from the triangular 
sub-zone within which the gridpoint falls in the old mesh. The 
weighting factors are evaluated according to the distance to 
each of the gridpoints of the host sub-zone, as demonstrated in 
Fig. 6. Such an interpolation scheme satisfies moment 
equilibrium: 
 
 ( ) ( )1 1 2 2 3 3 1 2 3N o o og A g A g A g A A A= + + + +  (11) 
 
where Ng  = value of gridpoint quantity in the new mesh;  
0
1g  = value of the gridpoint quantity at the vertices of the 
triangle within which the gridpoint sits in the old grid; and  




Fig. 5. Zone quantity mapping 
 
In general, a remeshing procedure consists of three sequential 
stages: (1) the triggering of the remeshing operation; (2) the 
generation of a new mesh; and (3) the transfer of data from the 









Seismic histograms often are recorded at the outcrop of the 
bedrock (e.g., point A in Fig. 7). When they are loading the 
reservoir/dam system in numerical simulation, they usually are 
applied at the base of the model. In most cases, a portion of 
the bedrock formation will be included in the numerical 
model, and the site seismic motions will need to be 
deconvoluted to the location corresponding to the base level of 
the model (e.g., point B in Fig. 7).  
 
The equivalent-linear program SHAKE may be used to 
conduct the deconvolution analysis. In SHAKE, the materials 
are assumed to be visco-elastic; the nonlinear behavior is 
simulated by adjusting the shear modulus and damping ratio as 
functions of effective shear strains in the horizontally layered 
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Fig. 7. Deconvolution [after Mejia & Dawson et al. 2006 and 
Itasca 2008] 
 
geologic deposits. The required input in SHAKE includes 
shear modulus and damping ratio versus shear strain curves, in 
addition to the geometric and physical properties of the 
materials. An iterative approach is used to adjust shear 
modulus and damping ratio values to be compatible with the 
level of strains induced in the materials. 
 
The SHAKE deconvolution analysis may be performed 
following the steps below. 
 
1. Include the modulus reduction and damping ratio 
curves, the profile and the materials of the geologic 
formation in the SHAKE input file.  
2. Convert the acceleration record to follow the format 
required by SHAKE — e.g., the acceleration input file 
requires an even number of data entries on each line.  
3. Specify the motion, reformatted in Step 1 as the 
outcrop input motion at the top of the layer formation 
corresponding to the outcrop.  
4. Specify the sub-layers for which the acceleration 
(within or outcrop) motions will be computed and 
saved. The outcrop motions at the ground surface and 
the base location of the intended numerical model are 
calculated and written to the output file. 
5. Run SHAKE model to deconvolute the outcrop 
motion to the base.  
 
Note the deconvoluted motions can be validated in a simple 
numerical model. For instance, a column model can be set up 
in FLAC to mimic the SHAKE model. The horizontal 
acceleration history deconvoluted at the base of SHAKE model 
can then be read into FLAC, integrated into a velocity wave 
and then applied as a shear stress wave, together with a quiet 
boundary condition, to the base of this FLAC model. In the 
FLAC column model, all gridpoints are fixed in the y-direction 
but are free in the x-direction to simulate infinite horizontal 
layers. Either a hysteretic-damping or Rayleigh-damping 
equivalent to the damping used in SHAKE computation then 
can be installed in the column model. The monitored 
horizontal velocity at the top of the FLAC model is expected 
to be very close, if not identical, to its counterpart generated 
from the SHAKE calculation.  
 
 
Dynamic Pressure at the Reservoir/Dam Interface 
 
The reservoir water imposes pressure to the boundary along 
the reservoir/earth dam interface. During seismic shaking, the 
interfacial boundary could settle/heave in the vertical direction 
and spread horizontally as well. Subsequently, the depth of the 
surface segments along the interfacial boundary dynamically 
changes in the seismic excitation process. Thus, the boundary 
pressure along the reservoir/earth dam interface due to 
reservoir water needs to be updated frequently in the seismic 
simulation. 
 
Note that in a fully coupled analysis, pressure exerted by the 
reservoir water onto pore space along the interface also is 
enforced; in most cases, undrained condition may be assumed 
in seismic analysis because the earthquake event only lasts for 
seconds, which is rather trivial compared to the pore-fluid 
diffusion timescale; only the mechanical pressure exerted by 




INTEGRATED SEISMIC ANALYSIS PROCEDURE 
 
The elements discussed above are integrated in the following 
numerical simulation procedure. 
 
Step 1: Calculate shear-wave propagation velocity for all 
materials (
sC G ρ= , ρ is the mass density).  
 
In dynamic simulations, the maximum zone size should be 
selected such that the shortest wavelength of the dynamic 
motion spans a specified number of zones (typically, 10) in 
order to propagate the wave across the model accurately. In 
this sense, the smallest zone size possible should be chosen. 
However, a smaller zone size will require greater numbers of 
elements for the model and a smaller timestep: this will result 
in more computational time for a simulation. Thus, the 
selection of the lower bound of the zone size also should 
consider the affordable computation time.  
 
The shear wave velocity, together with the highest frequency 
component in the deconvoluted motion, will determine the 
maximum zone size to be used in the simulation.  
 
Step 2: Deconvolute the outcrop motion to the base at the 
horizontally layered SHAKE model; transform the 
deconvoluted wave into the frequency domain to observe the 
dominant frequency and the frequency range. If most of the 
power of the input wave is contained in lower-frequency 
components, the wave can be filtered to remove high-
frequency components and allow a coarser mesh to be used 
without significantly affecting the results. 
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Step 3: Generate the dam geometry; assign materials (soil, 
rock and water) to the model; install initial stresses and pore 
pressure; activate gravity; apply reservoir pressure along the 
reservoir/dam interface and boundary conditions at the base 
and laterals; solve the model to equilibrium using the 
uncoupled approach in static mode. 
 
Step 4: Calibrate hysteretic damping coefficients from the 
modulus reduction and damping ratio curves obtained in the 
laboratory test for each material. Assign the hysteretic 
properties to the model. A small amount of Rayleigh damping 
also may be needed.  
 
Step 5: Design an automatic remeshing algorithm and put it in 
place in the model so that it will start to function once a zone 
becomes extremely distorted.  
 
Step 6: Set the model to dynamic mode, and change the 
material model to Finn-Byrne model, a variant of the Mohr-
Coulomb model requiring one additional parameter to 
simulate shear-induced volumetric strain [Eqs. (5) and (6)]. 
For the non-liquefiable materials, the latency parameter is set 
to a high value, which forces the Finn-Byrne model to behave 
in the same manner as a Mohr-Coulomb model for these 
materials.  
 
Step 7: Apply the deconvoluted motions to load the model at 
the base as stress waves; apply quiet boundary condition to the 
base; apply quiet boundary condition or free-field to the lateral 
boundaries.  
 




A PRACTICAL EXAMPLE 
 
Grid Resolution Determination 
 
In dynamic simulations, the grid resolution needs to be chosen 
carefully in order to have the wave propagated correctly. For a 
particular soil material, the zone size selection is constrained 
by its properties and the frequency components of the 
propagating wave.  
 
The sample earth dam in Fig. 8 has a height of approximately 
100 ft and a cross-section length of 680 ft from upstream toe 
to downstream toe. The earth dam and its foundation consist 
of two different soils above the bedrock extending to a greater 
depth. The mechanical and hydraulic properties of dam 
materials are listed in Table 1. It is found that “Sand” has 
slowest shear-wave propagation speed  
(1309 ft/s). The Finn-Byrne model parameters 
1C  and 2C   in 
Eq. (6) are evaluated in Table 2 using Eqs. (7) and (8).  
 
Fig. 8. Geometry, materials and water level of the earth dam 
 
The seismic histogram recorded at the outcrop of the bedrock 
is shown in Fig. 9 for horizontal motion and in Fig. 12 for 
vertical motion.  Because the bedrock is only about 10 times 
stiffer than the sandy soil above it, the bottom boundary of the 
earth dam is treated as a compliant base in dynamic 
simulation. This requires part of the bedrock to be included in 
the model. In this numerical model, a 100-ft depth of bedrock 
is to be included. Subsequently, the recorded earthquake 
waves at the outcrop need to be deconvoluted to the outcrop 
motions at the location corresponding to the base of the 
numerical earth dam model [Mejia and Dawson 2006]. 
Following the deconvolution procedures listed in Section 2.5, 
the deconvoluted motions are obtained as presented in Fig. 10 
for horizontal wave and Fig. 13 for vertical wave. It should be 
noted that only shear waves can be deconvoluted in SHAKE. 
When the deconvolution is conducted on the vertical wave in 
SHAKE, the vertical wave is input as a shear wave, but the 
shear modulus now is replaced by the constrained modulus 
( 4 / 3)K G+ in order to be consistent with the P-wave 
speed. 
 
To apply a “compliant” base, the velocity history is applied at 
the base as stress waves, and a quiet (absorbing) boundary is 
used to absorb the downward wave. The deconvoluted 
accelerations first are converted into velocity records. A Fast 
Fourier Transform (FFT) analysis of the deconvoluted velocity 
records produces a power spectrum as plotted in Fig. 11 for 
horizontal velocity and Fig. 14 for vertical velocity. The 
dominant frequency of both the horizontal and vertical 
velocity waves is approximately 0.5 Hz. It is evident that the 
majority of frequency components of both the horizontal and 
vertical velocity records are below 10 Hz. A FLAC model with 
maximum zone size designed for a maximum frequency of  
10 Hz will be used in this analysis. This imposes constraints 
on the grid resolution: for instance, the maximum zone size in 
the layer “Sand” shall be no more than 13.09 ft in order to 
have at least 10 zones per shortest wavelength.  
 
The horizontal and vertical motions also are checked for 
baseline drift when they are applied to load the dam. A 
baseline correction is performed by adding a low-frequency 
sine wave to the acceleration or velocity records: the sine 
wave parameters are adjusted so that the final velocity and 
displacement are zero. 
 Paper No. 4.15b              7 
  























3.556 2.672E+07 8.905E+06 144 30 1.524E-09 0.25 - 
Sand 
6 








 Bedrock 3.866 6.318E+07 2.106E+07 2000 35 4.064E-07 0.25 
- 
 
Table 2. Finn-Byrne Model Parameters 
Material ( )1 60N  1C  2C  

















Fig. 12. Deconvoluted vertical motion at base (g vs sec) 
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Fig. 13. Vertical motion recorded at outcrop (g vs sec)  
 
 
Fig. 14. Power spectrum of deconvoluted vertical velocity 
Calibration of Hysteretic Damping Parameters 
 
The dotted curves in Figs. 15 and 16 are the modulus 
reduction and damping ratio curves for clay. The input 
parameters of hysteretic damping models can be determined 
from the discrete data set measured in the laboratory tests via 
best-fitting or a simple trial-and-error method using a one-
zone model iteratively.  The trial-and-error method is used 
here. The 3-parameter hysteretic model in Eq. (9) (model sig3 
in FLAC) is adopted in a one-zone model to measure the 
modulus reduction factors and damping ratios for various 
shear-strain magnitudes.  The calculated results in FLAC using 
sig3 (with 1.017a = , 0.587b = −  and 0 0.633x = −  for the clay 
material) are presented as solid line in Figs. 15 and 16 to 
compare with the laboratory data. Similar calibration is made 
sand and rock. The calibrated parameters are listed in Table 3.  
 
 
Fig. 15. Modulus reduction curves for Clay – FLAC hyst-sig3 





Fig. 16. Damping ratio curves for clay – FLAC hyst-sig3 




Table 3. Calibrated Parameters for 3-Parameter Sigmoidal 
Hysteretic Damping Model 
Parameter Clay Sand Rock 
a  1.017 1.000 1.100 
b  -0.587 -0.550 -1.200 
0x  -0.633 -1.500 -0.300 
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It should be noted that there is often an inconsistency between 
modulus reduction data and damping ratio data obtained in the 
laboratory probably due to the non-stationary nature of soil 
response; thus, a consistent match for both modulus reduction 
and damping ratio at all strain levels is not expected in 
numerical calibration that is self-consistent [Cundall 2006]. 
 
 
Design of Automatic Remeshing Scheme 
 
In the remeshing process, the existing distorted mesh is 
replaced by a new mesh, and the element and gridpoint-based 
quantities are transferred from the old mesh to the new mesh 
automatically. However, the boundary conditions must be 
handled separately in a case-by-case manner.  
 
In this analysis, the pressure imposed by the reservoir along 
the reservoir/dam interface needs to be updated dynamically. 
This can be done easily via FISH, a built-in programming 
language in FLAC. (In addition to its similarity to other 
programming languages such as FORTRAN or C++, FISH 
can access FLAC memory to retrieve and modify data.)   
 
Each remeshing operation involves the following sequential 
actions: (1) removing the applied pressure condition from the 
reservoir-dam interfacial boundary; (2) invoking the 
remeshing FISH function to create a new mesh overlapping 
the old mesh; (3) conducting mesh replacement and data 
transfer; and (4) applying the reservoir pressure to the 
reservoir/dam interfacial boundary in the new mesh.  
 
 
Model Construction and Simulation Procedure 
 
Taking advantage of FISH programming language, the model 
is set up in a template format. It is convenient to change the 
zone size, material properties and other model conditions in a 
template model, and it is very handy for application to other 
reservoir-dam systems of the same kind.  
  
The maximum zone sizes are calculated for each soil 
according to the material properties, the highest frequency  
(10 Hz) to be contained in the input motion, and the number of 
zones per shortest wavelength, as explained in Section 4.1. 
The dimensions of model are assumed to be 1600 ft in the  
x-direction and 212 ft in the y-direction. Note that, in order to 
optimize model dimensions, a couple of preliminary runs with 
different dimensions may be needed to verify that the 
boundary effects are minimal. Both dynamic and groundwater 
modules are configured. A block mesh is generated first and 
then trimmed to fit the dam surface.  
 
As shown in Fig. 8, the region boundaries for clay and sand 
layers are irregular. We store the boundary of a region in a 
look-up table, scan the entire mesh, compute the centroid 
coordinates of each zone, and then assign the properties of the 
selected material to the zone whose centroid falls within the 
region closed by the tabulated boundary. 
After Mohr-Coulomb type materials are assigned, we fix 
lateral boundaries in the x-direction, fix both x- and y-
directions along the bottom boundary, activate gravity and set 
the dynamic mode off. In this particular case, the pore 
pressure distribution and phreatic surface within the dam are 
known at pre-seismic stage, and they are installed directly into 
the model. (Zero water pressure is specified to the zones above 
the phreatic surface.) In the static equilibrium calculation, the 
fluid flow calculation is turned off because no fluid flow 
calculation is needed; the solid matrix is solved for mechanical 
equilibrium.  
 
At this point, the model is set to the dynamic mode. The 
calibrated hysteretic damping models in Table 3 are put in 
place based on the material type in the different regions. The 
constitutive model is switched from Mohr-Coulomb to Finn-
Byrne, a variant of the Mohr-Coulomb model that requires 
additional parameters (e.g., see Table 2) to simulate shear-
induced volumetric strain as presented in Eqs. (5) and (6). For 
the materials that were not assigned blow-count values, a 
latency parameter is set to a high value to force the Finn-
Byrne model to behave in the same manner as a Mohr-
Coulomb model. 
 
Generally quiet or free-field boundaries may be applied to the 
lateral sides in dynamic simulation. In this simulation, quiet 
boundaries are applied at the lateral sides, as the assumption of 
small deformation of free-field logic may not hold due to the 
fact that both horizontal and vertical seismic excitations are 
strong and strengths of the foundation materials rather weak. 
To update the position of the FLAC grid automatically during 
the dynamic computation, the model also is set to run in large 
strain mode.  
 
The deconvoluted horizontal (Fig. 10) and vertical (Fig. 13) 
acceleration histories are read into the FLAC model and 
converted into tables; the components above 10 Hz then are 
filtered out and baseline corrected from tables before being 
integrated into velocity waves to be applied to the base of the 
model. To apply “compliant” base condition, the seismic 
motions must be input as stress loads combining with the quiet 
(absorbing) boundary condition. The velocity wave can be 
converted to a stress wave using Eq. (12) for horizontal waves 
and Eq. (13) for vertical waves:  
 
 ( )2 vs s sCσ ρ= −  (12) 
 
 ( )2 vn p pCσ ρ= −  (13) 
 
where sC  and pC  are the S- and P- wave propagation speed; 
and vs  and v p  are the applied velocities in the shear and 
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Note that a negative sign appears in the stress conversion so 
that the signs of the applied boundary stresses are consistent 
with the directions of the velocity records. 
 
Some Results from Dynamic Simulation 
 
Potential areas of liquefaction in the dam embankment and 
foundation can be identified in the dynamic simulation with 
Finn-Byrne materials. There are different ways to identify 
regions of potential liquefaction in a FLAC model. For 
example, time histories of pore pressure (or excess pore 
pressure) and effective stress can be recorded at different 
locations.  Another approach, used here, is to calculate the 
distribution of the maximum normalized excess pore-pressure 
ratio (or cyclic pore-pressure ratio) throughout the model.  
This ratio is defined to be '/e cu σ , where eu  is the excess 
pore pressure, and 'cσ  is the initial, isotropic, effective 
confining stress. A liquefaction state in a zone is identified if  
'/ 1e cu σ ≥  . 
 
The ratio '/e cu σ  in all zones in the model is monitored 
during the dynamic simulation, and the maximum values of 
'/e cu σ  in each zone are recorded. Figure 17 plots contours 
of the excess pore pressure after 30 sec of dynamic loading. 
This plot indicates that regions beneath the upstream slope 
have reached a liquefaction stage.  The region  '/ 1e cu σ ≥  
appears to be primarily within the sand soils exactly above the 




Fig. 17. Maximum excess pore-pressure ratio contours during 
seismic loading 
 
A noticeable deformation was calculated in this simulation.  
The dam crest settled roughly 5 ft, and the downstream slope 
moved laterally approximately 7.5 ft.  Figure 18 plots shear 
strain contours in the model at 30 sec. This plot shows regions 
of shear strain concentrations at the crest and beneath the toes 
of both the upstream and downstream slopes. Figure 19 
displays displacement magnitude contours in the model at  
30 sec. The initial surface of the model also is sketched in 




Fig. 18. Shear strain contours after 30 s of seismic loading 
 
Fig. 19. Displacement contours after 30 s of  seismic loading 
after multiple remeshing episodes 
 
 
CONCLUSIONS AND COMMENTS 
 
In this study, we propose to integrate the main critical 
mechanisms, such as solid matrix-pore fluid interaction, cyclic 
shearing-volume coupling, hysteretic damping and automatic 
remeshing, in the seismic analysis of reservoir-/earth dam/pore 
fluid system in a numerical system. The proposed approach  is 
implemented in the explicit difference program FLAC in a 
template format by taking advantage of FLAC’s built-in 
programming language, FISH. The implemented template 
model is applied to predict the liquefied regions and lateral 
spreading for one realistic reservoir dam experiencing seismic 
loading. The template can be instantiated easily for other 
reservoir dams.  
 
The integrated approach is applicable to both two-dimensional 
and three-dimensional analysis, although the example in this 
paper is two-dimensional. The analysis has to be conducted in 
a three-dimensional code such as FLAC3D if two shearing 
seismic motions need to be accommodated. However, the 
extensive computation demanded by three-dimensional 
dynamic simulation is still often prohibitive for today’s 
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